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An Electron Microscopy, M~gnetic Anisotropy, 
and X-ray Goniometry Study of the Relationship between Magnetic And 
Clay Fabric DLlring Compaction 
Abstract 
Laboratory experiments to study compaction~induced inclination 
shallowing were conducted using kaolinite and illite slurries mixed with 
0.S µm acicular or both 0.5 µm and 2-3 µm natural magnetite. Natural 
marine sediments collected off the Oregon coast Were also studied for 
compar1s9n with the synthetic sediments. Samples were magnetized by 
stirring in a 450 inclination field and compacted under uniaxial 
pressures ranging from Oto 0.157 MPa. Void ratio, inclination 
shallowing and total moment vs. pres.sure curves show a distinctive break 
in slope· at 0.025 MPa and a ~lope change at 0.05 MPa. The observation 
that r~manence int~nsity and direction of the high void ratio slurries 
were not affected by the Earth's field _d~ring transport to the 
magnetometer·, during measurement in zero fieldr and during critical 
point drying (cpd), suggests that the magnetite particles had already 
been attached to clay particles before compaction and diq not move 
during CPD. There is a larger amount of inclination shallowing when the 
samples contain 0.5 µm magnetite. Alternating field demagnetization 
shows greater inclination shallowing for high coercivity grains, 
indicating that the smaller magnetite grains have suffered more 
inclination shalloWing than the 2-3 µm grains. SEM observations and pole 
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figµre goniometry data show that a strong horizontal clay fabric 
develops above 0.05 MPa to 0.0785 MPa pressure, the fabric does not 
develop further above this pressure. This is exactly the same pressure 
~here a break in slope in the tinisotropy and foliation vs. pressure 
curves occurs .. While the development of horizontal clay fabric of. 
natural marine sediments can also be observed at 0.05 MPa, it continues 
to develop above 0.05 MPa, which is in ~greement with their magnetic 
fabric data. All of the results strongly s.npport Deamer and Kodama's 
(1990) attachment model in which the magnetite needles attach to clay 
particles or are incorporated in the clay domains during compaction. 
2 
Introduction 
Since paleomagnetic studies· of sediments began iri the 1960's, th~re 
have been numerous attempts to d~termine the importance of inclination 
shallowing. Inclination shallowing occurs when the remanent in.clination_ 
of a sediment is shallower than that of the magnetic field during 
deposition. Opdyke and Henry's (1969) study of 52 deep-sea cores :showed 
no inclination error. Hammond e.t a1 (1979) and Prince .et al (1980) also 
concluded the~e was no inclination error in deep-sea cores. Ho~~ver, all 
of their samples were collected from d~pths less than 20 m below the sea 
floor. Subsequently scientists were able to collect samples at depths 
as great as 200 m.using the DSDP/ODP hydraulic piston corer and 
inclination shallowing in deep-sea sedi~ents has been noted in recent 
studies of 200 m cores (e.g., Morgan, 1979; Kent and Spariosu, 1982; 
Tauxe et al, 1984; an~ Arason and Levi, 1986, 1990; Celaya and Clement, 
1988). This discovery is of great significance and concern for 
determining plate movement from th~ paleomagnetic data. These workers 
have suggested that the observed inclination shallowing is due to 
sediment compaction, $ince the inclination shallowing is shown to be a 
function of sediment porosity or water content ( Arason and Levi, 1986; 
Celaya and Clement, 1988)i 
tn experimental studies, Blow and Hamilton (1978) demonstrated that 
sediment- c.ompaction caused by air-drying of sediment ca:n lead to 
"·· 
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inclination shallowing after redeposition of natural sediments. They 
proposed the following model for inclination shallowing: 
tan(Ir) = (1-AV) tan(I 0 ) 
where Ir is the remanent inclination of the sample after compaction., ~V 
is the extent of compaction and I 0 is the initial inclination of the 
sample. In fact, air drying may induce an inclinaticin shallowing (Noel, 
1980, Henshaw and Merrill, 1979)" due to the rotation of magnetic 
particles by surface tension forces in partially filled sediment pore 
_spaces. Anson and Kodama (1987) consolidated synthetic sediments ~nd 
natural sediments in both water tank and soil test consOlidometers to 
avoid air-drying and found that inclination shallowing during compaction 
is a function of volume change. The equation describing their results ,; 
is: 
tan(Ir) = {1-a~V) tan(I0 ) 
The difference with the Blow and Hamilton's equation is an empirically 
derived constant a. Anson and Kodama (1987) proposed an electrostatic 
mechanism to explain the inclination shallowing. In their model, 
positively charged magnetite particles adhere to the surface of 
negatively charged clay particles with their long dimension parallel to 
the clay grain's surface. As t~e clay grains become reorientat~d due to 
compaction, the magnetic grains move ·with them, causing the easy axes of 
magnetitation to be rotated away from the axis of compression. 
Arason and Levi (1990) gave several theoretical models of 
inclination shallowing during sediment compaction. For the rotation of 
flat nonmagnetic fabric grains to which Smaller magnetic grains are 
attached, they found: 
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tan (1~61)= (1-fa)tanl 
where fa= O.lOltiV+ 0.245!:J.V2 for !:J.V between O and 0.5, I and !:J.I are 
initial irtclination and inclination shallowing resp~ctively. The maximum 
inclination shallowing from this model is about 3.5°, which is not in 
agreement with Anso.n and Kodama' s observations of approximately 10° of 
inc linat·ion shallowing. 
Deamer and Kodama (1990) tested Anson and Kodama's model, and found 
that most inclination sballowing occurs at low pressures (< O.OSMPa) 
when void t.atios are high. At higher pressures., the inclination 
shallowing drastic~lly decreases. By comparing their inclination vs. 
pressure curves for k~olinite with· McConnachie's (1974) orientation of 
clay domain vs. logarithm of pressure curves, they suggested that· 
inclination shallowing is directly related to reo·rientation of clay 
fabric. Since thB high void ratios suggest that pore spaces are larger 
than the magnetite particles at these low pressures, inclination 
shallowing is prob#bly caused by magnetite particles b~ing attached to 
the clay particles. Van der Waa.ls forces and/or incorporation of the 
magnetite into clay domains may be the at.tachment mechanisms due t9 both 
clay and magnetite having negative charges in the .surrounding solution 
with pH value> 6.2 . Van der Waals forces are the primary attractive 
forces present in a clay system (Van Olphen, 1977~ Yariv and Cr6ss, 
1979). 
Clay concentration or electrolyte concentr.ation may also play an 
important role in inclination shallowing. Lu et al. (1990) found that 
increasing the conductivity of a slurry and the concentration of 
kaolinite can decrease postdepositional detrital remanant m~gnetization 
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(pDRM) intensity and cause significant inclinatioD shallowing. In their 
experiment, they poured the slurry into cylindrical plastic cups in a 
controlled field and then aliowed the slurry .to settle and dewater., 
subsequently drying the $lurry by evappration which induced a 70% volume 
loss. Their experiment did not simulate natural deposition in which the 
volume loss is due ·to the overburden pressure and not due to 
evaporation. They used van Olphen's theory (1977, p37, figure 1~) that 
the repulsive (electrostatic) and attractive (van der Waals) forces 
should be added to explain the net force causing magnetite attachment to 
clay particles. In their model, two particles approach each other due to 
Brownian motion, and agglomerate when they cross o:ver an energy barrier. 
Because Anson and Kodama.' s electrostatic model cannot explain Lu et al' s 
results which show that the pDRM intensity decre.ases with increas-ing the 
electrolyte concentration, the only attractive force between the clay 
and magnetite is t~e van der Waals force. Lu et al's model is quite 
similar to Deamer· and Kodama's (1990) model of van der Waals attachment. 
Although Deamer and Kodama (1990) proposed an attachment between 
clay and magnetite particles, they did not answer the following 
questions: What is the nature of the. clay microstructure in their 
samples? Do the magnetite needles really stick to the clay flakes? Does 
the magnetic fabric show the same behavior as the clay fabric with 
increasing pressure? Kodama and Sun (1990) conducted a scanning electron 
microscopy (SEM) and magnetic fabric study of kaolinite sediments with 
0.5 µm acicular magnetite to answer these questions. They found that the 
clay horizontal fabric becomes stronger with increasing pressure, some 
unidentified O. 5 µm long needles stick onto· the clay particles, and the 
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percent anisotropy (magnetic fabric) also increases with ir:icreasing 
pressure. In their experiment, 5% magnetite by weight was added to 
enhance the chances that magnetite would be observed with an SEM. But 
the high magnetite concentration can cause a stronger magnetic 
interaction between magnetite grains than in the natural marine 
sediments. 
The present study is designed to tes.t Deamer and Kodama (1990) 
attachment model. It involve-s compaction of slurries containing O. 5 µm 
acicular- and/or 2-3· µm natural magnetite 1n kaolinite, ill.ite and 
natural clay-rich marine sediments. In the synthetic samples (kaolinite 
or illite), less than 0.05% magnetite by weight was added to reduce the 
m~gnetic interactions. We wish to determin~ the different inclination 
shallowing behavior during compaction for samples with either 0.5 µm 
magnetite or 2-3 µm magrtetite and for samples wit~ both magnetic grain 
sizes. The magnetic anisotropy of ea~h magnetic grain size at diffe~ent 
pressures can be isolated using anisotropy of a partial anhysteretic 
remanence (MR) (McCabe et al, 1985), allowing comparison between 
magnetic and the clay fabric. This can provide more information about 
how magnetic grains of different grain ~ize are affected by compaction. 
This experimeht also can compare our synthetic sediment and natural 
sediment results. 
Scanning electron microscopy (SEM) can be used to observ~ the clay 
fabric and pore space at different pressures. The SEM can show whether 
the pore space at high void ratios (low pressur~) is larger than the 
magnetite particles. SEM can also allow observation of the clay fabtic 
changes fo.r different clay samples with increasing pressure. If needles 
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are observed attached to clay particles, they can be identified by 
·i... 
energy dispersive spectrometry. The pole figures can demonstrate the 
relative degree of the preferred orientation of basal planes of the clay 
particles at different pressures. Kaolinite samples was used for pole 
figure goniometry. The different densities qf preferred orientation 
should allow quantification of the clay fabric. This result can be 
compared to the void ratio vs. pressure and magnetic anisotropy vs. 
pressure results. Iri this way we can see whether or not the magnetic 
fabric mimics the cl~y fAbric in order to test the attachment model. 
Our results suggest that the magnetite grain size affects 
inclinatiori shallowing, the magnetic fabric shows a relationship with 
the clay fabric- during compaction, and the 0.5 µm acicular m~gnetites 
stick onto clay particles during compaction. These results strongly 
support Deamer and Kodama's attachment model. 
Experiments 
Sample Prepar~tion~ 
Compaction experiments using iediments comprising pure kaolinite, 
kaolinite plus quartz, illite and natural marine sediment with 
synthetic acicular or natural magnetite add~d were conducted £allowing 
the techniques of Deamer and Kodama (1990). The pure kaolinite and 
illite-bearing shale were obtained from Ward's Incorporated; the pute 
kaolinite was from Twigg's County, Georgia; the illite.beari~ shale 
from Fithian, Illinois. The kaolinite plus quartz was obtained from H. 
C. Spinks Clay Company. The specific gravities of each clay were: 2.64 
for kaolinite, 2.75 for illite and 2.66 for the natural marine sedim&nts 
8 
(Deamer and Koda.ma, 1990). The acicular magnetite, which had an average 
length of 0.45 µm along its long axis and a length to width ratio of 
approximately 6:1 (Hall, 1982 an~ our SEM observation)
1 
was obtained 
from Pfizer Minerals and Pigments Division (M0-4232). The natural marine 
sediments supplied by B. Carson were coll~cted off the coast of Oregon. 
This sediment ~ontained 8.5% sand, 49.0% silt and 42.5% clay by weight 
(Deamer and Kodama, 199D). 
The natural magnetite was s·eparated from natural marine sedi.fllents by 
the following procedure:· A slurry made ftom the sediment was poured into 
a burette, which was placed between the pole pieces of an electroma~et 
capable 0f c;1pplying a 200 mT field. When the slurry passed the magnetic 
field, the natural magnetite sticked onto the wall of the burette. After 
the slurry was passed by the magnet several times, the magnetite cart be 
collected in a beaker by removing the burette from the magnet and 
washing it with clear water which is then evaporated. The grai-n si.ze of 
the natural magnetite was estimated to be 2-3 µmusing partial 
anhysteretic remanent magnetization (pARM) (Jackson, 198"8). 
Two diff~rent procedures were used to prepare the slurries of 
synthetic samples and natural samples. For the synthetic sampl_es, 
slurties were prepared by using oven-dried clay (kaolinite or illite), 
magnetite, and distilled water. 0.45 µm acicu1ar magnet1te or both 0.45 
µm synthetic and 2-3 µm natural magnetite (less than O .1% of the dr:y 
•t.,. 
weight of the. clay in slurry) was wefghed and added to a beaker which 
contained distilled water. The beakir was pl~ced in an ultrasonic 
cleaner for several minutes to break up clumps and evenly distribute the 
ma~etite. If some magnetite s~ttled to the bottom during cavitation, 
'.y .• 9 
more water was add~d until the ~agnetite was evenly distributed in the 
water. An electronic blender was also used for evenly distributing the 
magnetite. Then the distilled water containing suspended magnetite was 
decanted and added to the weighed dry clay. This minimized clumping of 
magnetite in the samples. The slurry was manually stirred during this 
procedure. The amount of water added int9 clay was measured in order to 
calculate the initial void ratio (volume of water/volume of solid). The 
.approximate water content of the clay· slurries was as follows: 
kaolinite, J57% and illite, 87%. Later the slu_rry was stirred again 1n 
an electric blender for several minutes to evenly distribute th~ clay 
particles. 
For the nat~ral marine sediments, the slurries were prepared by 
adding saline water made from "-instant ocean" into the still wet marine 
sediments and then were stirred in an electric blender. For the marine 
samples prepared with both 0.45 µm and 2-3 µm magne·tite, saline water 
containing 0.45 µm magnetite (mixing procedure is the .same as for the 
synthetic sample~) was added into the marine sediments~ Some of the 
slurry was. weighed before and after oven-drying to calculate the ini ti"a1 
void ratio (water content wa$ around 200%). Table 1 shows the magnetite 
grain size, initial water content and void ratio for each of the 
synthetic and marine slurriesr 
Compaction: 
The well-mixed slurry was poured into an acrylic cylinder (1.37 cm 
ID, 1.63 cm OD, 4.4 cm long) with a removable acrylic bottom plate. 
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TABLE 1. Magnetite Grain Size, Initial Water Content 
and Void Ratios of the Slurries 
Clay Group 
Kaol. 2 
Kaol. 2 
P.Kaol 1 
Illite 2 
Marine 2 
Marine 2 
Magnet.ite 
Grain Size 
0.5 µm 
0.5+3µm 
0.5+3µm 
0.5 µm 
3 µm 
0.5+3µm 
.11 
Pore 
Fluid 
dist.H20 
dist.H2o 
dist· .. H2o 
dist.H2o 
saline H 0 2 
saline H 0 2 
Initial 
Void Ratio 
4.15 
4 .15 
5.03 
2. 39 
5.14 
6.21 
Resting on the bottom plate was a porous stone covered by filter paper. 
The slurry was· given a post-depositional remanent magnetization (pDRM.) 
by stirrin.g (Tucker, 1980) inside a set of 1 m square Helmholtz coils 
(Parry, 1967) which can maintain. a controlled magnetic field of 0.05 mT 
intensity over a 125 cm3 region. In our experiment, we set the field to 
have a 450 inclin~tion. The slurryis remanence was measured on a 2-axis 
CTF superconducting magnetometer. The slurry had to be stirred and 
measured several times until it acquired the sam~ inclination as the 
applied field. Intensity was observed to increase with each success·ive 
stirring until a maximum was achieved. Another porous stone with a 
filter .paper under it was placed on the top of the slurry while the 
sample was inside the coils. An acrylic piston with hdles drilled 
through its ·length transferred the load, from the water tank to the 
slurry during· compaction in a water tank consolidometer (Hamano, 1980, 
Anson and Kodama, 1987). Each sample was compacted by a continuously 
increasing pressure by slowly filling the tank with water. For the 
highest pressure of 0.157 MPa, the compaction .run lasts about 10 hours. 
The pressure on the sample ·was de-termined from the m·ass of the water in 
the acrylic tank ·and the cross-sectional area of the acrylic piston. The 
amount of compaction was calculated from the decrease in sampl~ height. 
The magnetization at different points d~ring compaction were· measure·d by 
removing .the sample from the consolidometer about every 10 minutes. For 
each. clay/magnetite type, 6 or. 7 samples were compacted to final 
pressures of 0, 0.0157, 0.0314., 0.0471, 0.0785, 0.1256, and 0.157 MPa. 
Sample drying: r 
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After compaction of each sample to its final pressure, the sample 
was extruded from the compaction sample holder. The samples still 
contain~d some water, especiaLly the low pressure $amples. A critic~l 
point drying apparatus (CPD) (Anderson, 1951) was used to dry our 
samples in order not to disturb the fabric of the sample. ~e magnetic 
field 1n the chamber of the critical point drier has a 600 inclination 
which is almost parallel to the earth's field. Before using CPD, the 
sample's ~agnetic north direction was marked and the sample was 
carefully wrapped in lens paper. Then the sample was impregnated in 
acetone overnight. The sample was then placed in the CPD apparat~s and 
the acetone was replaced .by liquid co2 . After· several hours the CPD was 
heated by hot water to a temperatur~ of 31.50C at 1100 psi which is the 
critical point. of carbon dioxide. The co2 gas was then ve_nted. After 
critical point drying, the samples were measured to check if their 
inclination and intensity had been affected. The samples were stored 1n 
a desiccator until SEM examination. 
Magnetic Measurement.: 
Magnetic measurements included anisotropy of magnetic. 
susceptibility (AMS), alternating field (af) demagnetization, partial 
ARM acquisition, anisotropy of anhysteretic remanence (AAR) and 
isothermal remat'lence (IRM) acquisition. These techniques can be used to 
determine the magnetic grain size and magnetic fabric. 
(1) AMS Measurement: AMS is widely used to determine magnetic 
fabric ~Hrouda, 1982). Magnetic susceptibility is a symmetrical second-
rank tensor relating an induced magnetic moment to the inducing magnetic 
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field (Nye, 1957). All of the safuples were measured in Sapphire SI-2 
susceptibility meter after critical point drying. 
(2) Alternating Field Demagn~tization: Eight samples compacted to 
the highest pressures (0.1257 or 0.157 MPa) (see Table 3) were 
progressively af demagnetized with a Schonstedt GSD-5 tumbling AF 
demagnetizer in at least 10 steps to 100 mT. Six of the ~amples 
contained both 0.45 µ~ acicular and 2-3 µm natural magnetite~ The other 
two samples contained only 0.45 µm acicular magnetite. Because 
coercivity is an in~erse function of gr~in size, the demagnetization 
results ~ill show which magnetic· grain size suffers more inclination 
shallowtng fo.r those samples carrying two different magnetic grain 
sizes. The different coercivity components ~ere isolated using principal 
component analysis (Kirschvink, 1980). PARM analysis (see below) 
s~ggests that the 2-·3 µm natural magnetite signal is removed between 10~ 
40 m.T and the 0.45 µm acicular magnetite signal is removed between 60.,90 
mT. 
( 3) pARM and MR Measurement: Part.ial anhys tere tic remanence of 
samples was measured using the technique introduced by Jackson et al 
(1988). Partial ARM's are imparted by switching on a DG field between 
tw6 specified values of alternating field during demagnetization. Grains 
with coercivi ties within that window will acquire an ARM, o~hers will be 
demagnetized. A pARM curve was obtained by moving a 5 mT window from 0 
to 100 mT. Based on the pARM spectrum obtained, two windows ·(lS-45 mT 
for 2-3 µ~ magnetite and 60-90 mT for 0.45 µm magneti.te) were used for 
measurement of anisotropy of anhysteretic remanence (AAR) (McCabe e.t al, 
1985) .· By using this tE?chnique the ani.sotropy of ARM acquisition is 
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det~rmined for different ~rain sizes of magnetite. This can provide 
information about how the different magnetite grains are aff~cted by 
compaction. 
(4) Maghetic Interactions: Our experiment with 5% magnetite samples 
(Kodama and Sun, 1990) suggest that clumping o'f magnetite may have. 
occurred. To check for clumping, magnetic interaction exp~riments were 
run in which acquisition of isothermal remanence (IRM) and AF 
demagnetization of IRM are plotted on the same graph (Cisowski, 1981). 
If the curves inte.rsect at 0. 5 saturation IRM, no interactions. are 
occurting. If any interactions have oc~urred, the amount of magnetic 
interaction may be calculated by (100-2R)%, where R is the intersection 
point of the n.ormalized curves. Magnetic inter!1ction in both synthetic 
samples and natural samples were measured. 
X~ray Pole Figure Goniometry: 
In order to quantify the clay fabric, X-ray pole figure goniometry 
was used. Critical point dried samples were first impregnated with Spurr 
lbw-viscos·ity epoxy (Polyscienc~s, Inc), and then placed in a 700 oven 
for 8 hours. The samples were then polished in the section perperidicular 
to the compression axis. Only kaolinite samples could be used for this 
purpos~ since their (001) and (002) crystal planes are parallel to the 
clay flake's· flat surface. From Bragg's law 
2dsin8=n>. 
(,\ is the wavelength of x-rays and 28 is the angle between incident and 
diffracted beam (Wenk, 1°985)), first we determined the 28 of the ( 001) 
or (002) basal plane of kao°ltnite using x-ray diffraction. BAsed on 
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this we chose the 28 either for (001) plane or (002)' plane to do the x-
ray pole figure goniometry. We used the Scintag at Cornell Universtty. 
The relative intensity of the kaolinite (001) or (002) axis 
reflections is contoured for different orientations of the section with 
respect to the X-ray beam to produce a standard pole figure stereonet 
(Baker and Went, 1972). A role figure is the angular distribution 
function of a chosen crystal direction h with respect to the sample 
coordinate system. It is defined by the volume fraction dV/V of the 
crystals having their crystal direction h. parallel to the sample 
direction y (Wenk, 1985). Fole figures were the only form of texture 
representation before the· or_ientation q.istribution function (ODF) became 
available. Presently, the ODF is used as the quantitative ·meq.surement of 
texture. Pole figures are generally the original experimental 
information from which the ODF is calculated. In general, the ODF is not 
completely determined by one pole figure. For o~r experiment~, the 
angular distribution function is enough to dete;mine the relative 
intensity of clay fabric. The volume frac-tion, dV/V, of the clay 
crystallites having their pole parailel to the normal of the sample can 
be. calculated for each sample. How that fabric intensity changes with 
increasing pressure can then be <;ompared with the magnetic fabric 
results. Using cross,..sections through the pole figure "hill" defined by 
the contours (Oert~l, 1983), the slope of the "hill" can also be used to 
estimate the intensity of the clay fabric. By· plotting thts slope of vs. 
pressure, we· can also compare this curve with our compaction and percent 
anisotropy curves. Three kaolinite group~ are prepared for this study. 
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Each group contaihs 6 or 7 samples compacted to final pressure between 0 
to 0.157 PMa, 
Scanning Electron Microstopy: 
SEM is used for ob.Serving ·the clay fabric development during 
compaction and the interaction between the magDetite and clay particles. 
The SEM samples included one group of kaolinite samples, one group 6f 
natural marine sediment samples and one group of illite samples. The 
s~mples were cut along a section parallel to the cbmpaction direction. 
In order not to disturb the sample fabric, the sample surface was 
lightly touched by a sharp knife blade. Pressure was slowly ihcreased 
unti1 the sample was broken.. The knife was not used to cut through the 
sample. In this way, a freshly broken surface was obtained with minimal 
disturbance of the fabr"ic. Because each group of samples contains 
samples compacted to different pressures, the clay fabric change with 
increasing pressure can be observed. Before SEM observation, the samples 
were pumped to -less than ro- 4 torr pressure (less than O .1 µm mercury) 
for several hours to one day, in order to avoid charging of the sample 
during SEM observation caused by high moisture content in the. samples. 
Some samples were coated with gold for a high resolution image, some 
samples were coated with carbon so EDS could be used. The SEM work was 
done with the JSM-840F and an ETEC. 
Results 
Stirring the slurry in the magneti~ field: 
B-efore compaction,. when we _stirred the slurry to impart a post 
depositional remanence (pDRM) we found that the magnetic intensity was 
17 
about six times greater .than the slurry's intensity without stirring. 
For each successive stirring (3 or 4 times) the inclinatfo·n would start 
out steeper than the field. inclination and dec~ease, the intensity would 
increase with each succes§ive stirring by about 10% until a maximum 
value was reached. 
Compa~tion behavior and inclination shallowing: 
The plots of void ratio and inclination shallowirtg vs. pressure for 
all of our samples show the s~me patterns that were obsetved for 
individual samples in Deamer and Kodama's (1990) study (Fig. la, lb, 
le). The decrease in total moment with increasing pressure also shows 
exactly the same behavior as that of void ratio and inclination (Fig .. 
2). These curves can be separated into three different regions with 
different slope. From Oto 0~025 MPa, more than half of the volume loss, 
inclination shallowing and intensity decre~se occur. From 0.025 to 0.05 
MPa, these parameters continue to change- at an intermediate ra,te. Above 
0.05 MPa, these. parameters change very little. For the kaolinite samples 
with only 0.5 µm magnetite, the maximum inclination shallowing can reach 
13°. For the samples with two sizes of magnetite, the maximum 
inclination shallowing only is as great as 7.5°. For the natural 
sediments with only 2-3 µm natural magnetite, the maximum inclination 
shallowing is 11.5°, while the. natur~l sediments with two grain sizes of 
magnetites have a total of about 13.SO of inclination shallowing (Table 
2). The illtte samples show a maximum of 10° inclination shallowing. The 
total moment for all samples at 0·.157 MPa pressure decreases ·by about 
25% of its original inte.nsity (Fig. 2). When we plot the ve:r_-tical and 
horizontal components of the total moment separately, we find that -the 
18 
Figure 1. The compaction results of kaolinite, illite and natural 
marine sediments. All the curves show that below 0.025 MPa pressure, the 
~vld ratio, inclination shallbwing and intensity thange very fast. From 
0.02"5 and 0.05 MPa, they change at an intermediate rate. Above 0.05 MPa, 
they change very slowly a). Plot of void ratio and change in 
inclination vs .. pressure for kaolinite· clay in distilled water using 
acicular magnetite. b). Plot of void ratio and change in inclination vs. 
pressure for natural marine sediments in saline water. c). Plot of void 
ratio and change in inclination vs. pressure for illite in distilled 
water with acicul~r magnetite. 
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Clay 
Kao 1 
Kao 2 
Kao 3 
Kao 4 
Nat 2 
Nat L1-
Nat 1 
Nat. 6 
Table 2. Inclination Shallowing for Each Clay Group 
with One or Two Magnetite Grain Sizes 
Sizes 
1 (0.45) 
1 co. 1.~s) 
2 (0.!.15+3) 
2 {0.45+3) 
2 (0. 45+3) 
2 (0. ll5+3) 
1 ( 3) 
1 ( 3) 
Maximwn 
Inclination ShalLowing 
1 .~ 0 
__ J 
70 
BO 
13° 
14° 
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vertical component loses much more intensity than the horizontal component, but that both components decrease (Fig .. 3). The vertical component lost about 50% of its original intensity, while horizontal component lost about 15% of its orjginal intensity at 0.157 MPa pressure. 
.., The magnetic direct1on and intensity of the samples after critical point drying show little difference compared to before critical point drying (see Table 3). The inclination changes by about 3°. The inclination steepens 1n 12 out of 19 cases. The intensity of all the samples decreases by an average of 4.9%. 
Magnetic M~asurement Results: 
AMS measurement: The AMS results of natural sediments, kaolinite and illite sediments show different behavtor. For the kaolinite samples with 0.5 µm acicular magnetite or two sizes of magneti.te in which the intensity of the ·o. 5 µm acicular magnetite dominates, the AMS data shows a we~k prolate fabric, i.e·. the maximum direction cluster around a westerly direction which dips 350 (Fig. 4a). Jhe intermediate and minimum di.rection lie along the great circle striking N-S. For the natural sediments, the AMS fabric is triaxial fabric. The minimum direction Is nearly vertical, the intermediate and maximum direction clust~r in the horizontal plane with WSW and SSE directions respectively (Fig. 4c). However when the amount of 0.5 µm magnetite added was nearly equal to the amount of 2-3 µm natural magnetite, the clustering of AMS principal directions changes for the natural samples. The AMS data shows a prolate fabric. The maximum directions cluster at NE 450 azimuth, and dip 45°, the intermediate and minimum direction lie along a great circle 
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Table 3. Inclination and Intens~ty Change after CPD 
Sample Intensity Change Inclination bf CPD af CPD % bf CPD af CDP 
K94 -9. 6925e-4 9.2502e-4 -4.5 41. 24 40.42 
K91 10 .. 958e-4 10.685e-4 
-2.5 39.58 41.66 
K88 10.568e-4 10.024e-4 -5 .1 39. 28 41. 58 
K89 14.855e-4 14.140e-4 -4.8 41.02 43.47 
K92 14.305e-4 13·. 764e-4 
-3.8 41.65 41.96 
K90 16.190e-4 15.58le-4 -3.8 38.73 39. 2·2 
Nl9 7. 57 98e -1+ 7.4090e-4 -2.3 38·.19 40.20 
N20 8 .. 0765e-4 7.7296e-4 .-'4. 3 37.05 37.46 
N15 9.5670e-4 8.9812e-4 -6.1 39.60 36.42 
Nl6 10.483e-4 9.8274e""4 -6.2 37.59 37.04 
Nl7 9. J930e-4 8.9726e-4 -4.5 36.43 36 . .39 
Nl8 9 .. 4935e-4 9.0084e-4 
-5.l 34.04 34. ts 
Ill 2.2605e-4 1. 9728e-.4 
-12.7 39.65 41.83 
110 2.6397e-4 2 .. 4728e-4 -6.3 37.51 39.93 
19 2.5829e-4 2.4972e-4 -3.3 39.14 40. 25 
18 2.3754e-4 2.208.4e-4 -7.0 40.13 37. 03 
17 2.7942e-4 2.7224e-4 
-2.6 39.71 38.67 
16 2.9503e-4 2.8390e-4 -3.8 45.08 41.50 
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Change 
degree 
-0.82 
2.38 
2.30 
2.45 
0.31 
0.49 
2.01 
0.41 
-3 .18 
-0.55 
-0.04 
0.14 
2.18 
2.42 
1.11 
-3.10 
-1.04 
-3.58 
Figure 4. The AMS data for the kaolinite, illite and i:iatural marine 
sediments. D - - maxin:ium; 11 - - intermediate; 0 - - minimum principal 
c1xes. a). AMS data of kaolinite contain"ing .mainly 0.5 µm acicula.f 
mc1gne.tite. It shows that· the maximum directions cluster in a westerly 
direction, dipping 35°. b). AMS data of illite with 0.5 µm acicular 
magnetite. The ~hree di.rec t ions display a triaxial distribution. c) . Af1S 
dc1ta of reconstructed natural sediments. The minimum direction is 
vertical. d). Af1S data of natural sediments containing O ~ 5 µm acicular 
magnetite ar:id 2 - 3 .µm natural ma.crne tite. The maximum directions cluster 
at a N L4-5.0 E azimuth dipping Li5 . All points ·ar~ plotted on the lower hemisphere. 
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(Fig. 4d). For the samples compacted to the lowes.t pressure, the maximum 
and intermediate directions switch· with each other. The illite samples· 
containing only 0.5 µm magnetit~ show entirely dlfferent results. Each 
principal direction of magnetic aniso~ropy is incredibly well-defined, 
indicating a triaxially shaped anisotropy ellipsoid (FigJ 4b). The 
percent anisotropy and foliation from the AMS data of all the samples 
did not show any trend with increasing pressure. 
Demagnetization Results: AF demagnetization of some samples with 
two sizes of magnetite (0.5 µm and 3 µm) shows diffe.rent behavior from 
samples wi'th one magnetite grain size. The intensity of the samples with 
only 0.5 µm magnetite decreases very slowly during demagnetization, only 
30% of the intensity was lost below SO mT. The intensity of the samples 
with 0.5 µm and 2-3 µm magnetite decreases very fast, at SO mT, 70% of 
the initial intensity has been lost. ·rhe intensity of all of the samples 
decreases about go% below 70 mT. 
Principal component analysis (Kirschvink, 1980) of two coercivity 
ranges for the samples with two magnetite grain sizes show a dis·tinct 
decrease in inclination for the higher coercivity grains (0.5 µm 
magnetite) during demagnetization (Table 4 and Fig·. 5). For the 
kaolinite with two magnetite grain sizes, the difference in the amount 
of .shallowing can reach 20° when the -inclination carried by higher 
coercivity and lower coercivity grains are compared. Even when the 
maximu~ angles of deviation (Kirschvink, 1980) are considered, the 
inclination shallowing for the two different coercivity grains is still 
significant. For natural sediments, the difference in the amount of 
shallowing between lower and higher coercivity grains is only 30 or 4°. 
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Clay 
Kao69 
Kao84 
Kao90 
Kao92 
Nat23 
Natl2 
I115 
I115 
Table 4~ AF Demagnetization Results for the Samples with 
both Synthetfc and Natural Magnetite (2) 
and with only Synth~tic ~agnetite (1) 
Magnetization Components 
10·-40 mT 60-90 mT 
D I MAD D I MAD 
(2) 339.0 48.6 2.9 345.1 38.5 2.3 
(2) 353.7 54.4 6.6 349.0 34.5 2.0 
(2) 0.6 53.7 7.2 0.8 J0.4 2.2 
(2) 10 .. 6 50.9 5.2 2.5 32.3 1.9 
(2) 360.0 36.0 10.1 3J9.4 33.. 8 2.5 
·(2) 3.9 36.4 3.4 359. O· 32.7 2.6 
(1) 346.5 37.6 2.2 
(1) 342.3 37.4 13.8 356.2 39.5 1.2 
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Figure 5. Orthogonal projections (Zijderyeld, 1967} for AF 
demagnetization after compaction nf a kaolinite sample containing 0.5 µm 
and 2-3 µm magnetite. The vertical components (open symboles) show that 
the higher-coercivity, finer-grained magnetite has been shallowed more by compaction. 
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For the sample$ with only 0.5 µm synthetic magnetite, the inclination 
did not change during demagnetization. 
MAgnetic Interaction of Magnetite Par~icles in the Samples: About 
35% of the magnetic grains magnetically interact in the natural ~arine 
sed.iments which -contain only natural magnetite (Fig. 6a). There is no 
significant change in inte~action during compaction, only a 2% increase 
from a pressure of 0.0157 MPa to a pressure of 0.157 MPa. The synthetic 
kaolinite samples have about the same level of interaction as the 
natural marine sediments (Fig. 6b). At low pressures of ·0.0157 MPa., 
magnetite interaction in th~ samples is about 30%. With increasing 
pressure the interaction increases by a small amount to 33%. 
pARM Acquisition Spectra: The .pARM acquisition curves of kaolinite 
and illite samples with 0.5 µm acicular magnetite show one narrow 
coercivity peak cente~ed at 70 mT which is little higher than Jackson et 
al's (1988} pARM results for equant 0.5 µm magnetite grains (Fig. T, 
curve 1)-. The pARM acquisition curves of natural marine sediments show 
one broad coercivity peak centered at 30 mT (Fig. 7, curve 2) .. By 
comparing these data with Jackson et al's (1988) pARM results for equant 
magnetite, the magnetite grain size in the marine sediments is about 2-·3 
µm assuming they are equant:: in shape. For the samples with both sizes of 
magnetite, the pARM curves show two coercivity peaks centered at 30 and 
70 mT respectively (Fig. 7, curve 3). 
AAR Results: The AAR anis~tropy ellipsoids for 2 groups of the 
kaolinite plus quartz sediments containing 0.5 µm magnetite have an 
oblate shape for pressures ranging from Oto 0.157 MPa. The minimum 
principal axes are vertical, independent of pressure. The maximum 
34 
Figure 6. IRM acquisition and af dema_gnetization of SIRM to measure magnetic interactions. This allows comparison of synthetic kaolinite sediments with natural marine sediments. a}. Natural sediments compacted to 0.157 MPa pressur~. It shows that about 35% of the magnetite grains are interacting. h). kaolini~~ synthetic s~mple compacted to 0.157 MPa, The inter·ac-tion of the magnetite grains in the kaolinite sample is about 33%. 
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Figure 7. pARM acquisition spectra .. Curve: 1 represents pARM 
acquis~tion spectra of the kaolinite with 0.5 µm acicular magnetite. The 
coercivi ty peak ·is centered at 70 mT. Curve 2 represe-nts -pARM 
acquisition spectra of natural sediments ~ich contain 2-3 µm natural 
magneti t-e .. The coercivity peak is centered at 30 mT. Curve 3 represents 
the ·samples containing O. 5 pm ac icular· and 2 - 3 µm natural magnetite. The 
pARM C\lrves show two coercivity peaks centered at 30 m'.t and 70 mT 
respectively. 
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principal axes trend N-S and the intermediate axes trend E-W and are 
located in the horizontal plane (Fig. 8a). The percent an_isotropies 
((max~min)/lnt x 100%) of these kaolinite samples increase with 
increasing pressure. The curve of percent anisotropy vs. pressure shows 
a very pronounced break in slope (~IS) which occurs at 0.05. MPa (Fig. 
9a). After the BIS, the percent anisotropy does not show any change with 
increasing pressure. This BIS occurs at the same pressure as the secbnd 
break in slope in the void tatio vs. pressure curves. There is no BIS 
observed at 0.025 MPa. The foliation (int/min) also increases with 
pressure. The curv~ of foliation vs. pressure also shows a break in 
slope at 0.05 MPa (Fig. 9b). 
AAR results for the two groups of the reconstructed natural marine 
sediments show almost the same behavior as the AAR results ·for the 
kaolinite plus quartz ~ediments. The anisotropy ell-ipsoid.s of natural 
sediments have an oblate shape. The minimum axes are vertical, while the 
maximum and intermedia_te a:xes lie along a horizontal great circle (Fig. 
8b). With increasing pressure, the percent anisotropy and foli~tion also 
increase. Hciwever, the natural sediments do not show as strong a break 
in slope as kaolinite did at 0.05 MPa (Fig. 9c,9d); The percent 
anisotropy and foliation continue to develop above this muted BIS at a 
slo.w rate. 
The AAR anisotTOJ?Y ellipsoids for illite containing O .. 5 µm rnag~~tite 
also have an oblate shape. The minimum axes are vertical, while the 
maximum and intermediate axes lie along a horizontal great circle, -the 
same as is seen for natural sediments. The curves 9f foliation and 
percent anisotropy vs. pressure show a break in slope at O. 05 MP.a. 
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Figure 8. a). The princip~1 axes of the AAR ellipsoid for kaolinite 
with O. 5 µm magnetite. The mini.mum principal axes are vertical. The 
maximum directions have a N-S trend. b). The AAR principal axes for 
natural marine sediments, the minimt,tm axes are vertical. The maximum 
directions have no trend, All directions are on the lower hemisphere of 
the s tereonet .. 
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E 
Figure 9. The curves of percent anisotropy and foliation vs. 
pressure for the kaolinite (a) 3:nd marine sediments (b). Based on AAR 
data of kaolinite samples containing 0.5 µm acicular magnetite, both 
curves show -a strong break in slope at 0.05 MPa. When the pressure is 
above 0.05 MPa, the percent anisotropy and foliation did not change wi-th 
increasing pressure. Curves of percent anisotropy and foliation vs. 
pressure for the marine sediment samples, Nl (c) and N6 (d). Both curves 
show a muted break in slope near 0.05 MPa. 
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·0.1. 6 
For the ·kaolinite samples containing two sizes of magnetite,· the AAR 
results for the two magnetite grain sizes show the same behavior with 
increasing pressure. The principal axes for both s_izes of magnetite show 
the same pattern as observed for the natural sediments. Minimum axes are 
vertical, maximum and intermediate axes lie along the horizontal great 
circle without ~ny clusterin~. The curves of foliation and percent 
anisotropy vs. pressure for both sizes of magnetite show a break in 
slope between a pressure of 0.05 MPa and 0.0785 MPa~ For the pure 
kaolinite with two sizes of magnetite, the percent anis0.tropy and 
foliation also have a break in slbpe between 0.05 MPa and 0.0785 MPa 
pressure. 
For the natural sediments to which -0.5 µm magnetite was added, the 
principal anisotropy axes for both sizes of magnetite show the ~ame 
pattern as seen in the kaolinite samples. Minimum_ axes are v~rtical, 
intermediate and maximum axes are horizontal and lie along a great 
circle (Fig. lOa and 10b). The curves of percent anisotropy and 
foliation of both sizes of magnetite also show the same pattern as 
kaolinite samples did (Fig. 10c and 10d). The break in slope on the 
curves occurs near 0.05 MPa, but the BIS is not as obvious as for 
kaolinite. 
SEM Results: 
SEM results demonstrate changes. in cl&y fabric with increasing 
pressure and the relationship between the clay and magnetite. Clay 
fabric is defined as the orierttation and arrangement (spatial 
distribution) of individual clay parti'cles and the particle-to-particle 
relationships (Bennett, 1981). Because of the complex electrochemistry 
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Figure 10. AAR results for :natural marine s·ediments containing both 0;5 µm acicular magnetite and 2-3. µm natural magnetite. a). The stereonet plot of prinGipal directibn for the 0.5 µm magnetite. rhe minimum direction is vertical. b). The principal axes for the 2~3 µm magnetite. The minimum d·irection is also v~rtical. For (a) and (Q) D maximum-; 6-- intermediate; 0--minimum. All directions are lower hemisphere. c). The curves of percent anisotropy vs. pressure for the natural sediments. The NS curve is for 0.5 µm· acicular magnetite. N4. curve is for 2-3 µm natural magnetite d). The curves of foliation vs. ptessur·e. NS is for 0.5 µm m:agnetite, NL} is for 2-3 µm magnetite. 
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of· the clay minerals, the clay fabric is strongly influenced by the 
chemlcal composi ~ion of the solu.tion in the sediments. Therefore, 
kaolinite, illite and natural marine sediments show different 
mic.rostructure and fabric. For the samples with the same mineral 
composition, the clay fabric changes -with increasing pressure. 
Kaolinite: At O MPa p~essure (Fig. lla), the electron micrograph 
shdws 2-3 µm pore $paces between clay particles and clay domains which 
are nearly perfect stacks of face-to-face clay plates (Bennett, 1981). 
The pore spaces are sometimes larger than the 3-4 µm clay domain~. 
Observation of clay fabric indicates some vertical clay _fabric due to 
stirring. When the pressure increases to 0.0157 MPa (Fig. llb), the pore 
spaces b~tween cl~y domains are still larger than the 1.5-2 µm clay 
particles. But the clay domains have be~ome bigger and most clay 
particLes form a house-of-cards structure which is a very random, open 
structure domin?ted by edge-to-face particle contacts (Moon, 1971). The 
samples at 0.0314 MPa show weak horizontal fabric (Fig. llc). The clay 
domain size is s~me as 0.0157 MPa sampl~, but the 1 µm pore spaces 
bet~e~n clay domains are smaller than in samples compacted at lower 
pressures. Fewer clay domains show horizontal fabric, most of them are 
still randomly Oriented. At 0.0471 MPa pressure (Fig. lld), a strong 
horizontal fabric has developed which is delineated by clay particle 
edges and a face-to-face structure~ Fewer tlay faces are observed in our 
vertical sections. The clay particles in the clay" domains are oriented 
closer together and the _clay domains are oriented parallel to each other 
and to the horizontal. Fewer large pore spaces as large as 2 µm can 
still be seen between clay domains. The samples above a pressur~ of 
49 
Figure 11. SEM photomicrograph~ of kaolinite with 0.5 µm acicular 
magnetite show how the clay fabric .changes, with increasing pressure. Magnetite needles that are observed attached to the clay particte 
surfaces are circled. a) 0 MPA pres·sure. b). 0.0157 MPA pressure. c). 0.0314 MPa pressu_re. cl). 0.0471 MPa pressure .. e). 0.0785 MPa pressure. f), 0.1256 MPa pressure. g). 0.157 MPa press~re. The compaction direction is vertical. 
so 
(a) 
(b) 
Figurte 11 
51 
(c) 
(d) 
Figurte 11 
52 
(e) 
(f) 
Figurte 11 
53 
(g) 
Figure 11 
54 
0.0471 MPa (0.0785, 0.1256 and 0.157 MPa, Fig. lle, llf and llg) show 
almost the same fabric as observed in 0.0471 MPa samples. The pore 
spaces between clay particles or domains in thes-e samples are still 
larger than the 0.5 µm magnetite. However the clay domains are well-
oriented and tightly packed. The bookbouse .domain in which clay plates 
were stacked one above the other (Slone and Kell, 1966) becomes a 
s·tepped face-to-face structure (Smalley and Cabrera, 1969}. The long 
dimensions of the most stepped domains are par·allel to the horizontal .. 
The pore spaces between domains were also elongated and parallel to the 
horizontal. 
Natural Marine Sediments: These. samples show fabric which ·differs 
from the kaolinite sample.s (Fig. 12). The sediment gr~in size is 
heterogeneous. The size of some quartz particles is larger than 5 µm. 
Most clay particles have 1-2 µm diameters. There are some fossils· in the 
samples. At O MPa pressure (Fig. 12a), the sediment particles exhibit an 
open and random arrangement with very weak vertical fabric. the size of 
some pore spaces betw·een the clay or silt particles .can reach about 4 
µm. The 1-2 µm. clay particles form a "house of cards" structure (edge-
to-edge or edge-to-face). Glay domains are not common. At 0.0157 MPa 
pressure the particles become more tightly packed (.Fig. 12b). The pore 
size between particles has decreased slightly. When the pres·sure 
increases to 0.0314 MPa (Fig. 12~), the samples show weakly horizohtal 
fabric and some face-to-face structures. Th~ pore spaces are still 
larger than 3 µm in diameter and a "house of .cards" structure still 
dominates. At 0.0471 MPa pr~ssure (Fig. 12d), more the horizontal fabric 
can be seen than in the· sample cpmpacted to 0.0314 MPa, but it is not 
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Figure 12. SEM photomicrogtaphs of natural marine sediments 
containing both 0.5 µm acicular and 2-3 µm natural magnetite show how 
the clay fabric changes with increasing pressure. Magnetite needles 
which are observed attached to the clay surfaces are circled. a.). 0 MPa 
pressure. b). 0.0157 MPa pressure. c). 0.0314 MPa pressure. d). 0.0471 
MPa pressure~ e). 0.0785 MPa pressure. f). 0.1256 MPa pressur~. The 
compaction direction is vertical. 
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like the kaolinite samples which showed -much stronger horizontal fabric 
at 0.0471 MPa than at 0.0314 MPa. Loosely s·truct.ured c1ay domains start 
to be seen. The number of large pore spaces :has decreased. Above O . .0471 
MP a pressure (Fig. 12e and 12f), the c18:Y fabric continues· to develop. 
Domains become more tightly packed. The clay particles show more 
horizontal alignment. At the highest pressures (0. 128 and O. 157 MP a) , 
clay domains are closer together, and strong horizontal fabric has 
developed. So :(rom low pressure to high pressure, the clay fabric of the 
natural sediment shows a much more gradual continuous development than 
that observed in the kaolinite S€diment. 
Illite: The fabric in iilite samples is different from kaolinite 
and natural marine sediments. Illite clay is composed of 3·-4 µm illite 
clumps and 1 µrn illite flakes. The clump shape looks like an ellipsoid 
or sphere which has- a layered s true ture. At O. 015 7 MP a pressure (Fig. 
13a), there are 4- 5 µrn pore spaces between the clumps. The elliptical 
clumps exhibit a random arrangement. At 0.0314 MPa pressure (fig. 13b), 
the small illite flakes show a weak horizontal fabric, but most cltimps 
are oriented randomly. Some pore spaces between clumps are still 3-4 µm 
in diarne ter. When the pressure was increased to O. 04 71 11Pa (Fig. 13c), 
horizontal fabric had developed and more edges of cl~ are observed. The 
long axes of the e1lipsoid clumps are parallel to the horizontal 
direction. From 0.0471 to 0.157 MPa pressure, the fabric {s almost the 
same as that samples compacted at O. 0471 MP a pressur_e. samples. Some pore 
spaces still exist between the clumps in the highest pressure samples 
(Fig. 13d, 13e and 13f). 
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Figure 13. SEM photomicrographs of illite containing 0.5 µm acicular 
magnetite show how the clay fabric cha~ges with increasing pressure. a). 
0.015.7 MPa pressure. b). 0,0314 MPa pressure. c). 0,0471 MPa pressure. 
d). 0.0785 MPa pressure~ e). 0.1256 MPA pressure. f). 0.157 MPa 
pressure. The compaction direction is vertical. 
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From these observations, we c-an summarize the development of c1ay 
fabric for different sediments. All of the sediments show that 
horizontal clay fabric becomes more obvious with incre~sing pressure. 
For kaolinite, when the pressure is apove 0.0471 MPa, the clay fabric 
shows a pronounced change from a random f~bric to preferred 
horizontally-oriented fabric; there is not an obvious change with 
increasing pressure except than the clay domains are sheared. For the 
natural marine ~ediments, the horizont~l clay fabric can be seen ortly at 
pressures -above 0.0471 MPa. At higher pressures, the fabric continues to 
develop. For the illite samples, the obvious horiz9ntal fabric <level-ops 
by 0.0471 MPa, and does not develop sign!fi~antly at higher pressure. 
Magnetite needles attached to clay particles: In the SEM 
photographs of kaolinite samples, some 0.5 µm long needles are observed 
which are apparently attached to clay flakes (Fig. lle circles). In the 
natural sediments with two sfzes of magne.tite, numerous 0. 5 µm long, 
needle shaped particles are apparently attached to clay flakes or 
fossils (Fig. 12a, 12b, 12c and 12d circles). In the illite samples 
containing acicular magnetite, a large number of acicular particles 
stuck to larger clay flakes or ill i te clump surf aces. are observed (Fig. 
13). These needles could be acicular magnetite, edges of small clay 
parti~les or small fossil fragments. Energy-disp~rsive spectrometry 
(EDS) was used to try to identify the composition.of these needles. The 
samples with carbon coating were fir~t used for this purpose. But the 
SEM image in carbon coated samples does not have enough resolution to 
see the needles~ Therefore gold-coated samples were used since they 
illow better image resolution. lhe samples we used contained 5% 
65 
magnetite in orde~ to increase the chance. of observation. Several 
needles ~ere checked by Ebs in kaolinite samples. All of them contairt 
iron (Fig. 14a, 14b). Because the interactiqn volume of the X-ray beam 
is much larger ·than :the needle volume, there is a large contribution 
from elements in the clays (Al and Si) shown on the spectrum. rhere is 
also a gold peak due to the gold coating. We also conducted EDS on clay 
particles in a kaolinite sample which did not contain magnetite needles~ 
The EDS spectrum only showed very small iron peaks (Fig. 14c). 
X-ray pole figure goniometry results: 
A 28 scan profile o1 pure kaolinite shows 2 peak~ at 28 = 12.57 and 0 
25.13°. e ~ 12.s1°;2 represents the reflection angle of kaoliriite (001) 
planes and 25.130/2 represents ~e (002) plane reflection. On the 28 
scan profile of kaolinite plus quartz, there is a large quartz peak near 
the 28 of the kaolinite (002) plane. For the best results, 28 = 25.130 
for pure kaolinite samples was chos.en due to the larger. reflection 
angle. ·For the two groups of samples containing kaolinite and qua·rtz, we 
chose the (001) reflection for one group and the (002) reflection for 
the ·other group for the pole figure measurement. 
The pole figures for the pure kaolinit.e -samples show that for all 
samples at all pressures, the preferred orientation o( the poles is 
hearly vertical, but the pole density for each sample is different (Fig. 
15). The density becomes greater with increasing pressure. At O.Ql57 MPa 
pressure, the pole figure shows the least preferred orientation. The 
strongest density at this pressure is 2.33 m.r.d.(Multiples of a Random 
Distribution is a quantification of pole density, which is equivalent to 
the percentage of poles per 1% area of the stereonet, Wenk, 1985) (Fig. 
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Figure 15. Pole figure goniometry results. a). Sample at 0.0157 MPa 
pressure. b). At 0.0314 MPa pressure. c). At 0.0471 MPa pressure. d). At 
0.0785 Mpa pressure. e). At 0.1256 MPa pressure. f) at 0.157 MPa 
pressure. From 0.0157 to 0.0785 MPa, the poles become more concentrated 
at the center of the stereonet. Above 0.0785 MPa, the pole figures did 
not change. Contours are 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 m.r.d., 
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15a). Increasing the pressure to O. 0471. MP a, the maximum pole density 
becomes greater. The highest pole densities can reach 3.43 and 3.64 
m.r.d. for the samples at 0.0314 and 0.0471 MPa pressure respectively 
(Fig. 15b). Sin~e the pole density becomes higher with increasing 
pressure) more of the clay particles become horizontal with .increasing 
pressure. Above O. 0471 MPa· pressure, the pole figures are much more 
concentrated in the center of the stereonet: the maximum density Jumps 
from 3.64 m.r.d. at 0.0471 MPa to 4.87 m.r.d. at 0.0785 MPa. Then the 
peak density does not change until the highest pressure is· r~ached (Fig. 
15c). ·The plot of pole density (Fig. :16a) vs. pressure shows this trend. 
The density increases quickly at pressures less than 0.0785 MPa, and at 
higher pressures the density does not show any change with increasing 
pressure. The plot of volume fraction DV/V of the clay particles which 
have their poles located within a 20° radius circle of the vertical vs. 
pressure exhibits the sa~e trend as the plot of the pole density vs. 
pressure(Fig. 16b). This curve also shows a break in slope near a 
pressure of 0.0785 MPa. 
For the kaolinite plus quartz, only the data collected from the 
(002) reflection show a trend. All samples at pressures from Oto o.·157 
MPa have a vertical preferred pole orientation. At O pressure, the pole 
figure shows some clay particles having vertical orientation with N-S 
trend. With increasing pressure, th~ pole density become stronger. The 
plot of volume fraction of clay particles vs. pressure also show a break 
in slope near 0.0785 MPa (Fig .. 16c). The ,pole figure data collected from 
the (001) reflection did not show any trend due to the small reflection 
angle. 
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Fiture· 16. a). The curve· of pole density slope vs. pressure for the 
pure kaolinite samples. A strong break in slope occurs at 0.0785 MPa 
pressure. b). The curve of percentage of poles located within 20° of the 
vertical vs. pressure for the same samples as in a). It shows the same 
break in slope as a}. c). the curve of percentage of poles located 
within 20° of the vertical vs. pressure for the kaolinite plus quartz 
samples. 
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Discussion 
Compactio~ data: 
Based on their compaction results, Deamer ·and Kodam~ (1990) 
suggested that inclination shallo~ing is caused by magnetite particles 
being attached to the clay particles and reorientin~ with them during 
the early stages of compaction. Our compaction experiments support this 
model. Before compaction some of the magnetic needles had already ·been 
locked in. This is supported by the observation that the 450 inclination 
g:iven to the samples inside the Helmholtz coils was not affected by the 
earth's field during transport to the magnetometer and zero field during 
measurement. Also the intensity increas~s 6 times after stirring during 
measurement in zero fleld. If these magnetic grains are locked in, the 
very large pore spaces at the initial high water contents would suggest 
that magnetite needles must be attached to clay particles or 
incorporated in clay domains. In ap.dition, with continued· stirring and 
measurement of the slurry, the intensi~y of the slurry increases to a 
maximum and no increase is observed with continued stirring. This means 
that more and more of the magnetite particles become parallel to the 
field during stirring until all the grains that can be locked in are 
locked in-. A large decrease tn intensity occurs at. the lowest pressures 
of compaction (Fig. 2), indicating that no more magnetite grains were 
locked during compaction, otherwise the intensity would increase. Before 
and after critical poiht drying, the sample's intensity decreased by 
less than 7%, while the inclination shifts at most by +3°. Thi"s 
observation suggests that mo.st of the magnetic needles did not move 
73 
during critical point drying. Therefore the magnetite needles stuck onto 
clay particles which we observed in SEM did not simply fall into the place during critical point drying, they were already positfon~d before 
CPP. Plots of total momertt vs. piessure show exactly the same pattern as the void ratio vs. pressure ·curves. The initial rapid intensity decrease could be the. result of a randomization or misalignment of the magnetic particles. The vertical component of intensity decreases much more than the horizontal component (Fig. 3). This pattern suggests that the vertical component of magneti-zatio"n is pre·f erentially more randomized than the horizontal com·ponent. This phenomenon could be explained -if the vertically oriented magnetite needles attached to the edges of the clay particles are more easily knocked off during the early stages of compaction when large pore spaces are rapidly decreasing 1n size. This explanation would also be Used to explain the large initial decrease in inclinati6n. 
The inclination. shallowing in our experiments is about 10°. While in 
Arason and Levi's (l990) model 2a for the small m~gnetic grains attached to re_latively larger fabric flakes, the maximum inclination shallowing is a maximum of 3~5°. Th~y assume perfect initial alignment of the ~agnetic moments with the external field, and the fabric flakes may be oriented in a random fashion. The difference i~ our observed inclination shallowing with their predicted can be explained in. two ways. First, in our experiment, the slurry was stirred in a north-south vertical plane. Some clay particles achieved a vertical orientation which is shown by SEM and X-ray pole figure observatioh. The inclination in the slurry, which i$ parallel to the external field, is not a result of all the 
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magnetic particles being perfectly aligned with the external field. It 
is the result out of vertically and horizontally orien~ed magnetic 
particles, which is different from Arason and Levi's (1990) ·assumption. 
S.econcl, the compaction rate of our experiment is much faster than the 
natural situation. The fast compaction rate for the high water content 
slurry may affect the interaction between magnetic particles and clay 
particles. The vertical needles attached to the edges of the clay 
particles may be knocked off and reoriented into the horizontal to 
attach to the predomin~tely horizontally oriented .clay flakes. At a 
certain pres$ure, the decte~se in water content in the slurry no longer 
causes as much randomization sinGe the magnetite particles are by now 
firmly attached to the clay particles. From SEM observationsj this 
pressure may be between 0.0175 MPa and 0.025 MP~. In our experiment more 
than half of the inclination shallowing occurs before 0.025 MPa. Since a 
pressure of 0.025 MPa suggests a burial depth of< lfr ~ (Hamilton, 
1976), this contradict$ the natural situation in which several workers 
(Hammond, Epp qnd Theyer, 1979 and Prince, Heath and Kominz, 1980) have 
observed no inclination error in their piston-cored sediments at sub-
bottom depths less than 20 meters. But by this pressure ~e have achieved 
void ratios for the kaolin.ite samples equivalent to burial depths of 150 
m (Faas and Crocket, 1983) where 109 inclination shallowing has been 
observed due to the compaction effect (Kent and Spariosu, 1982). 
The inclination shallowing data suggest that -the finest magnetite 
grains are affected the most by the compaction. The kaolinite samples 
with only 0.5 µm magnetite suffer more inclination shallowi~g than the 
samples with both 0.5 µrn and 3 µm magnetite. Meanwhile the natural 
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sediments with two grain sizes 6f magnetite undergo more inclination 
shallowing than the samples with only 3 µm natural m_a.gnetite (Table: 2). 
This behavior also supports the attachment model. During compaction the 
0.5 µm magnetite needles follow the clay fabric and are more eastly 
reorientated than the 3 µm equant magnetite grains. This would predict 
that the more fine grained magnetite in clay-rich sediments, the larger 
probability of inclination shallowing. 
After compaction, demagnetization of samples containing more 0!5 µm 
magnetite than 2-3 µm magnetite indicates that the signal shallows more 
for high coercivity signal, which means that the smaller magnetit:;e 
grains have suffered mor~ inclination shallowing. than the larger 
magnetite. The 20° inclination difference between 0.5 µm and 2-3 µm 
magnetite. grains for the kaolinite sa·mples can .be explained in the 
follo~ing way. The ~nitial 450 inclination is a result of both magnetic 
grain sizes. During compaction the inclination shallowing of smaller 
magnetite grains can reach 150 which is shown by the inclination 
shallowing of the kaolinite samples containing only 0~5 µm magnetite 
grains. The 2-3 µm magnetite grains suffer muGh less inclination 
shallowing .. These observations support the attachment of the smallest 
grains. 
Magnetic Fabric: 
Magnetic fabric studies show that the minimum principal axis of the 
AAR ellipsoid for all sanJ.ple.s is vertical whether at low pressure or 
high. pressure. The magnetic fabric ellipsoid is oblate. Due to the pDRM 
having a. 350 - 450 inclination after compaction, the vertical minimum 
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principal axes sugg~st that most of the magnetite grains with horizontal 
direction are not well-aligned, their net remanence in the hcirizontal is 
equivalent in magnitude to the remanence of a small number of 
subvertical grains (I<odama and Sun, 1990). Thi$ magnetic fabric 1s 
similar to the cl.ay fabric which shows subvertical preferred orientation. ·i_,., 
o.f clay poles even at O MPa pressure. This similarity suggests that the 
magnetite particle rotation follows the clay particle rotation. The 
magnetic particles are constrained to lie subhorizontally as the clay 
fabric develops, again supporting the idea that the magnetite grains 
are stuck to clay flakes. The vertical preferr~d orientation of pole 
figure goniometry and the vertical minimum principal axes in the AAR 
_data for the sample which was not compacted (0 MPa pressure) may be 
caused by gravitational .forces aDd the high water content. In addition, 
the change in percent anisotropy and foliation with pressure for all 
samples mimic the changes in -~lay fabric with increasi:ng pressure, which 
also suggests that the magnetite grains reorient during compaction by 
following the clay particles for the following reasons. The percent 
anisotropy and foliation of AAR for the kaolinite plus quartz samples 
increases much more quickly below 0.05 MPa (or 0.0785 MPa) than above 
0.05 MPa suggesting that more magnetite grains become hor1zontal q.uring 
compaction at pressure below 0.05 MPa. This behavior is consistent with 
the SEM observations and pole fi~ure data which show that horizontal 
clay fabric develops more rapidly below 0.05 MPa (or 0.0785 MPa). 
Because the pore spaces between the clay do~ains or particles are much 
bigger t~an the 0.5 µm magnetite at pressures less than 0.05 MPa, the 
magnetite gratns cannot become horizontal unless they are attached to 
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the clay flakes during compaction. Similarly, the curves of anisotropy 
and foliation vs. pressure for the pure kaolinite samples are consistent 
with their pole figure density vs. pressure curves. The pole figure 
curves have a break in slope at 0.0785 MPa, which is exactly where the 
break in slope for the magnetic anisotropy ~t~ occurs. Finally, for the 
natural sediment, the curves of percent anisotropy and foliat}on vs. 
pressure show a muted break at 0.05 MPa, which is consistent with the 
SEM clay fabric observations which indicate that fabric continues -to 
develop above 0.05 MPa. 
The N-S trend of the AAR maximum principal axes for kaolinite samples 
wi~ 0.5 µm magnetite is a result of the magnetite needles being 
par alle 1 to the north- south direction, which is caused by alignment with 
the external field. The natural sediments did not show this behavior due 
to the natural magneti~e in the sediments having an equidimensional 
shape. As a result, maxi.mum and intermediate pr"incipal axes of these 
equidimensional grains lie along the horizontal great circle without any 
clustering. 
In the kaolinite samples with mainly O. 5 µm magnetite which have a 
400 pDRM inclination, the AMS results show· that the maximum principal 
axes plunge around 400 to the west. Th.e other principal axes appear to 
lie along a great circle. This pattern· could result from an inverted AMS 
fabric for these single-domain magnetite grain~ (Potter and Stephenson, 
1988, Kodama and S~n. 1990). This result suggests that the size and the 
shape of magnetite and remanence direction control the AMS. The triaxial 
AMS results for illite which also have a 400 pDRM inclination did not 
display any obvious relation to .the pDRM. These results may be affected 
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by the paramagnetism of illite controlling the AMS signal and are quite 
different from the AAR results which only measure the. fabric of the 
fe.rromagnetic grains. For the natural sediments which contain 2- 3 µm 
magnetite, the AMS. minimum principal axes are· vertical, which is the 
same as fpr their AAR results. Th.is is due to the .magnetite being 
multidomain (Potter and Stephenson, 1988). In the ~amples containing 
50%- 50% mixture of O. 5 µm and 2- 3 µm magnetite grains,. the AMS principal 
axes did not show any obvious relationship to either 0.5 µm or 3 µm 
magnetite. The orientation of the three axes are probably caused by a 
combination of the two different magnetic grain size fabr1cs. 
Clay Fabric.: 
SEM photomicrographs of all sediments compacted to low pressure 
indicate that _pore spaces (2-3 µm) between the clay·particles are much 
larger than the 0.5 µm magnetite needles used in this study. The 
compaction curves show that more than half of the inclinatibn shallowing 
occurs rapidly at pressures less than 0.025 MPa. This result sugge~ts 
that the mechanism for inclination shallowing requires magnetite needles 
adhering to clay particles. The SEM observation of some needles attached 
to clay particles' flat surfaces supports this suggestion. From 0.025 to 
0~05 MPa, the development of the horizontal clay fabric contiriues to 
cause inclination shallowing and a decrease in void ratio at an 
intermediate rate. These changs also causes magnetic foliation and 
percent an.isotropy to inc tease. 
All. the SEM photographs show the magnetite needles stuck to clay 
particles. The mechanisms of the attachment must be an attractive force 
79 
between ~agnetic particles or clay particles (electrostatic or van det 
Waals for~e) ind the incorporation of the magnetite into clay domains 
(Deamer and Kodama, 1990), Our SEM observations suggest that the 
incorporation mechanism exists. From the SEM photomiC:rographs, domain 
formation increases with increasing pressure. With increastn~ pressure 
more clay particles are incorporated into each domain. This. is 
consistent with Meade's (1964) observation. In this way magnetite 
particles attached to clay flakes would be incorporated into these clay 
domains. But our model is not due to the magnetite needles fixed in the 
small pore spaces within the clay domains (Peamer and Kodama, 1990), it 
is a .two step process with magnetite needles first sticking to the clay 
flakes, and then being incorporated into the clay domains as the clay 
domains develop. 
The different characteristics of clay fabric development for each 
clay group are caused by the different mineralogy of the clays and 
whether saline or distilled water is the pore fluid. The kaolinite 
sampl~s with distilled water have a greater degree of parallel 
orientation of clay particles (face-to-fa.ce structure), while the 
natural sediments have a more open, random arrangement bf clay particles 
due to th~ flocculating effect of saline water (edge~to-face and edge-
to-edge structure) .. At pressures higher than 0.05 MPa, the kaolinite 
samples show a strong horizontal fabric which c;lid not change with 
increasing pressurei while the natural marine sediments still have a 
"house of cards" structure and horizontal fab.ric continues to develop at 
higher pressure. The fabric in illite ·containfng distilled water also 
did not change at pressure higher than 0.0~ MPa, but due to the presence 
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of. clumps in the sample.s, the horizontal fabric is not as clear as in 
the kaolinite samples. The change of domain shape from a bookhouse shape 
(below 0.0785 MPa pressure) to stepped face-to-face domains at pressures 
higher than 0.07~5 MPa can explain how the void ratio continues to 
decrease without clay reorientation. 
In the reconstructed marine s·ediments, which contain 2- 3 µm_ natural 
magnetite and 0.5 µm magnetite needles, the larger magnetite 1s 
reoriented due to the decrease in pore space, while the smaller 
ma gne·t i t es attach on to the c 1 a y f 1 ake s reorient with the c 1 a y fabric . 
The ''house of Cards" structure formed in the reconstructed marine clay 
is a result of flocculation effect of an electrolyte- rich solution 
.(Lambe, 19 58) . That is why with incr~as ing pressure, the house of cards" 
structure st~ll exists, but the clay particles become more tightly 
packed~ The similarity rif clay fabric to magnetic fabric of the natural 
sediments also support the attachment mbdel. 
A Model: 
From the study of SEM, magnetic fabric and pole fig~re data 
collected from o~r synthetic and natural marine sedimentsr the proce$S 
of inclination shallowing during compaction can be explained by the 
following model-: 
1). Before stirring the slurry in an applied magnetic field, the clay 
has a randomiy oriented open fabric. For kaolinite there are some small 
clay domains, while the natural sediments have no clay domains. 
Magnetite needles attached to clay particles cannot accurately orient 
~i.th the ext~rnal magnetic field. 
8J. 
2). By stirring the slurry in a 450 inclination field, the clay 
particles move in a N-S direction. Some of them acquire ,a vertical 
fabric. Some magnetite ne.edles attached to clay particles can rotat·e to 
become aligned with the field (Fig. 17a). 
1). At low pressures (< 0.025MPa), the volame· and inclination 
decrease by 1) clay domains and/or particles moving closer together; 2) 
clay domains becoming more ti.ghtly packed; 3) clay doma"ins or particles 
rotating into -the horizontal. Xhe clay particles or domains with 
magnetite needles attached or entrapped behave like large magnetic 
grains in compacting sediments. The clay reorientation induces a 
randomization of the initially aligned magnetic grains. Total moment is 
decreased du~ to the randomization (Fig. 17b). 
4). With increasing pressure (from 0.025 to 0.05 MPa), more tlay 
particles are incorporated irito domains artd rotate ihto the horizontal. 
The void ratio, inclination and intensity continue to decrease (Fig. 
17c). 
5) At 0.05 MPa, the clay domains are closely pa~ked or sheared and 
domains themse-lves are more tightly packed, hence less· inclination 
shallowing and void ratio decrease occur. at higher pressures. The 
~agnetic fabric and pole figure data from this pressure to the highest 
pressure show very little change (Fig. 17d). 
Conclusions 
Inclination shallowing and total moment vs. pressure curves show 
exactly the same pattern as Void ratio vs. pressure curves. for 
compacting natural (43% clay) and pure clay (kaolinite and illite) 
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Figure 17. Model of inclination shallowing during compaction. a). By stirring. the slurry before co~paction, the clay acquires some vertical fabric, but still has a nearly random distribution, and the magnetite needles are stuck on the clay ·particle surfaces with th~ sample's inclination parallel to the external field. b). When the sample is compacted to a pressure of 0.025 MPa, pore spaces between clay particles and domains decrease. The clay reorientation induces a randomization of the initially well aligned of magnetite. A large amount of inclination shallowing occurs ~y this pressure. c). At intermediate pressures, the cla.Y is reorientated into the horizontal. More clay partieles are incorporated irt the domains. Inclination shallowing continues to occur but at a slower rate. d). Glay domains and clay particles are closely packed. A smaller amount of inclination shallowing occurs. 
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·sediments. The ·curve-s can be separated. into three segments at O. 025 and 
0.05 MPa pressure. At pressures less than 0.025 MPa, most inclination 
shallowing occurs when water contents are high in the samples. From 
0.025 MPa to 0.05 MPa, the volume loss, moment loss and inclination 
shallowing occur at an intermediate rate. At pressures greater than 0.05 
MPa, compaction effects occur very slowly. The magnetite particles are 
attached to clay particles before compaction due to the van der Waals 
force (Deamer and Kodama, 1990) or the electrostatic force (Anson and 
Kodama, l987) or ate incorporated in domains. 
The inclination shallowing has a relationship ~ith the magnetite 
grain size. In the clay-rich sediments, the higher the percentage of 
small magnetite grain in the sediments, the more inclination shallowing 
occurs during compaction. 
SEM photomicrographs indicate a strong, horizonta~ clay fabric in 
the synthetic cl.Py sediments which is ob.served only above O. 05 MP a 
pressure. The clay fabric of natur~l marine ~ediments still continues to 
develop at a slower rate due to flocculation caused by the saline pore 
water. Some magnetite needles attach to the clay part1cles whether in 
synthetic samples corttaining distilled water or in natural marine 
samples containing saline water. During compaction, more clay particles 
and magnetite particles are incorporated into domains. 
Magnetic fabric (percent anisotropy and foli</,tion) show exactly the 
same behavior as the clay fabric based on the pole figure goniometry 
results and SEM observation. All of these findings support Deamer a~ 
Kodama's (1990) attachment model. 
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